Nonhomologous integration vectors have been used to demonstrate the feasibility of insertional mutagenesis in haploid tachyzoites of the protozoan parasite Toxoplasma gondii. Mutant clones resistant to 5-fluorouracil were identified at a frequency of _10-6 (-2 x 10-5 of the stable transformants). Four independent mutants were isolated, all of which were shown to lack uracil phosphoribosyltransferase (UPRT) activity and harbor transgenes integrated at closely linked loci, suggesting inactivation of the UPRTencoding gene. Genomic DNA flanking the insertion point (along with the integrated vector) was readily recovered by bacterial transformation with restriction-digested, selfligated total genomic DNA. Screening of genomic libraries with the recovered fragment identified sequences exhibiting high homology to known UPRT-encoding genes from other species, and cDNA clones were isolated that contain a single open reading frame predicted to encode the 244-amino acid enzyme. Homologous recombination vectors were exploited to create genetic knock-outs at the UPRT locus, which are deficient in enzyme activity but can be complemented by transient transformation with wild-type sequences-formally confirming identification of the functional UPRT gene. Mapping of transgene insertion points indicates that multiple independent mutants arose from integration at distinct sites within the UPRT gene, suggesting that nonhomologous integration is sufficiently random to permit tagging of the entire parasite genome in a single transformation.
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The protozoan parasite Toxoplasma gondii is a ubiquitous human pathogen that has recently achieved considerable notoriety as an opportunistic infection associated with AIDS (1) . Complications arising from long-term administration of antifolates (2) have rendered the development of new therapeutic strategies a matter of some urgency (3) . Beyond its direct medical importance, T. gondii also offers a promising system for genetic exploration (4) (5) (6) , and several strategies for molecular genetic manipulation have recently been devised (5) (6) (7) (8) (9) (10) (11) . Using vectors encoding the fused dihydrofolate reductase-thymidylate synthase enzyme (DHFR-TS; ref. 12 ) of the parasite, engineered to contain point mutations predicted from pyrimethamine-resistant Plasmodium falciparum (malaria) (13) (14) (15) , chromosomal integration of recombinant DNA has been observed in >5% of viable parasites (8, 10) . Vectors harboring cDNA-derived "minigenes" appear to integrate exclusively via nonhomologous recombination (8) , whereas constructs containing the entire 8-kb genomic locus can also integrate by homologous recombination, at frequencies proportional to the length of contiguous genomic sequence provided (10) .
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
The extraordinarily high frequency of stable transformation observed in T. gondii, coupled with the parasite's relatively small genome size (16, 17) and the haploid nature of parasite tachyzoites (16, 18) , suggests that vectors which integrate into the genome by nonhomologous recombination might be suitable for gene tagging by insertional mutagenesis. By analogy with other systems (19) (20) (21) , insertional mutagenesis could be of tremendous value for genetic investigation of Toxoplasma (5) .
An ideal target for testing the feasibility of insertional mutagenesis in T. gondii would be a nonessential gene whose inactivation can be specifically selected. Pioneering studies on nucleotide metabolism in Toxoplasma by E. R. Pfefferkorn and coworkers have identified several such loci (4, (22) (23) (24) (25) . In this report, we have targeted the uracil phosphoribosyltransferase (UPRT) gene, which encodes a parasite-specific enzyme offering both chemotherapeutic potential (26) and a negative selectable marker suitable for further genetic manipulation (5, 27) . UPRT normally catalyzes the conversion of uracil to UMP during pyrimidine salvage in T. gondii (28, 29) , but phosphoribosylation of fluorouracil to fluorouridine leads to the synthesis of F-dUMP and fatal inhibition of TMP synthesis. Selection for resistance to 5-fluorodeoxyuridine (FUDR; metabolized intracellularly to 5-fluorouracil) therefore permits identification of parasites in which the UPRT gene has been inactivated (22, 23 ). An active UPRT enzyme is not essential for parasite viability, as T. gondii is also capable of de novo pyrimidine synthesis (28, 29) .
MATERIALS AND METHODS
Parasite Growth and Transformation. T. gondii tachyzoites (RH strain) were maintained by serial passage in primary cultures of human foreskin fibroblasts (HFF cells) as described (5) . Freshly harvested parasites were purified by filtration through a 3-,um-pore-size polycarbonate membrane (Nuclepore), concentrated by centrifugation, and resuspended in cytomix electroporation buffer (30) at a density of -2 x 107 parasites per ml. Parasites (107) were added to 20-to 100-,g plasmid DNA and subjected to a 1.5-keV (1 eV = 1.602 x 10-19 J) electroporation shock in a 2-mm gap cuvette using a BTX model 600 electroporator (BTX, San Diego) at a resistance setting of 24 fl. After electroporation, parasites were inoculated into T flasks containing HFF cells and maintained under appropriate selection, as detailed in the text. Individual parasite clones were isolated by limiting dilution in microtiter plates containing HFF cells (5) . The ability of infected cell cultures to incorporate [3H]uracil into trichloroacetic acidprecipitable material was measured as described (5) .
Molecular Methods. Construction of plasmids used for insertional mutagenesis (pDHFR-TSc3/M2M3 and pDHFRTSc3/M2M4) has been described (8, 10 is shown disrupted by insertion of mutagenesis plasmid pDHFR-TSc3 (8) , producing resistance to FUDR. pDHFR-TSc3 consists of a DHFR-TS "minigene" (genomic promoter fused to the cDNAderived protein coding region), engineered to incorporate point mutations that confer resistance to pyrimethamine, cloned into bacterial plasmid pKS-(zig-zag line) between the HindlIl and EcoRI polylinker sites. Insertion is depicted as if a single plasmid linearized by HindIII digestion has integrated into the UPRT gene intact, in the "sense" orientation. Total genomic DNA digested with EcoRI (or other polylinker enzymes that separate the DHFR-TS minigene from the bacterial vector) can be self-ligated to permit reisolation of the pKS-plasmid along with flanking UPRT genomic sequence by direct transformation of bacteria. R, EcoRI sites; (H), plasmid HindIII sites (assumed lost during integration).
in the unsporulated oocyst stage (16) (17) (18) , a single insertion should be sufficient to inactivate a single-copy gene.
The insertional mutagenesis and DNA rescue strategy is outlined in Fig. 1 Mapping of pDHFR-TSc3 transgenes has shown relatively little rearrangement (8) , and Southern blotting indicated that this is the case for the FUDR-resistant mutants as well (data not shown). Clones 1 and 2 were originally transfected with circular plasmid, whereas clones 3 and 4 were transfected with linearized plasmid. Clones 1-3 each harbor single-copy insertions, whereas clone 4 contains multiple tandem insertions at a single site. These observations suggested that it might be possible to recover the integrated plasmid from clone 3 along with flanking genomic DNA by a classical marker rescue strategy, as diagrammed in Fig. 1 . DNA from these parasites was therefore digested with EcoRI (which cuts once in the transfected DNA, separating DHFR-TS sequences from the plasmid vector as diagrammed in Fig. 1) or Nco I (which does not cut within the transformation vector) and self-ligated in dilute solution. The integrated vector was rescued by electroporation of E. coli and selection for ampicillin resistance, as described under Materials and Methods.
A 2.1-kb flanking genomic fragment rescued along with the integrated vector from Nco I-digested DNA was radiolabeled and hybridized with restriction-digested DNA from two independent FUDR-resistant clones, as shown in Fig. 2 . The upward shift of the BamHI fragment in clones 1 and 2 clearly indicates that the same locus was tagged in both of these clones as in clone 3 (from which the probe was derived). Digestion with EcoRI indicates that integration occurred at distinct sites in clones 1 Fig. 3A . The T gondii UPRT protein sequence shares 51% amino acid identity with Saccharomyces cerevisiae and 26% with E. coli. Seventy-five percent of those residues found in both S. cerevisiae and E. coli are shared by T gondii as well. Conservation is particularly good near the putative phosphoribosyl pyrophosphate (PrPP) binding site (32) .
As indicated in Fig. 3B , seven intervening sequences were identified from genomic clones. All splice junctions match the previously defined consensus for T. gondii (12 (Fig. 4A) are indicated by open arrowheads. Clones spanning the entire region shown were used to rescue activity by transient transformation (Fig. 5) .
transfecting wild-type parasites with a plasmid containing the 11-kb genomic region shown in Fig. 3B , modified to eliminate the internal 1-kb Bgl II fragment indicated. This deletion removes part of exon V and all of exon VI (including the predicted phosphoribosyl pyrophosphate binding site; see Fig. 1A ).
Wild-type parasites were transfected with circular or linearized plasmid DNA containing the knock-out construct, selected for resistance to 5 ,tM FUDR, and cloned by limiting dilution. Drug-resistant mutants arose at a frequency of -3 x 10-3 for circular transfectants and 7 x 10-4 using linearized plasmid (determined by direct plaque assay). As shown in Fig.  4A , 18 clones were analyzed for the presence of wild-type or internally deleted UPRT genes by PCR, using primers flanking the Bgl II deletion. The expected deletion (with no trace of residual wild-type genes) was found in four of nine parasite clones derived from electroporations with linearized plasmid and in five of nine clones transfected with circular plasmid (asterisks). Perfect allelic replacement of the endogenous locus with the deletion mutant-without insertion of vector DNA-was confirmed for five of the seven clones tested by Southern hybridization (Fig. 4B) .
Because the selection scheme used requires loss of UPRT activity, PCR bands of apparently normal size are presumed to harbor mutations or rearrangements that cannot be detected at this level of resolution. The need to disrupt the UPRT gene to produce FUDR resistance also explains the relatively low frequency of UPRT targeting relative to previous reports of homologous recombination at the DHFR-TS locus (10): the most common mechanism-precise reciprocal crossing-over between a circular plasmid and the homologous genomic locus at a single site (duplicating the region)-would not normally inactivate UPRT activity. It is interesting to note that three clones transfected with circular plasmid (but none of the linear transfectants) contain PCR bands corresponding in size to both wild-type and deleted UPRT (lanes 13-15 in Fig. 4A ), consistent with reciprocal cross-over associated with a frameshift or other mutation.
UPRT deletion mutants exhibit no growth defect in normal culture (or in mice; data not shown), but the ability of these parasites to incorporate radiolabeled uracil was completely abolished, as shown in Fig. 5 . Transfection of UPRT knock-out mutants with constructs containing the wild-type locus restored uracil incorporation, however, confirming that this locus is both necessary and sufficient for UPRT activity. Transient expression provided 16-32% of wild-type incorporation-essentially complete restoration of activity, given that approximately half of the parasites are killed during electroporation and only '60% of the viable parasites exhibit transient expression of transgenes (8) .
DISCUSSION
This report describes the successful use of insertional mutagenesis to identify a genetic locus in T. gondii. These parasites are haploid throughout their life cycle, except for the short-lived unsporulated oocyst (18) . Thus insertional inactivation of a single gene in the parasite tachyzoite form-which can readily be cultured in vitro (5)-is sufficient to produce an identifiable phenotype. Note, however, that the haploid nature of these parasites precludes the identification of genes essential for tachyzoite survival by insertional mutagenesis. In conjunction with classical and somatic cell genetic approaches (4) and more recently developed molecular genetic and mapping techniques (5, 6) , insertional mutagenesis renders T. gondii a uniquely accessible system for the genetic analysis of a protozoan parasite.
The high frequency of nonhomologous recombination observed using cDNA-derived DHFR-TS vectors (8, 10) provides the basis for insertional mutagenesis experiments. Although the molecular basis for the remarkable efficiency of stable transformation using these vectors remains unclear (particularly in light of the lower frequencies observed with other selection schemes; refs. 9 and 11), these results are validated by the ability to identify genes by insertional mutagenesis.
A practical insertional mutagenesis system requires not only high-frequency nonhomologous recombination but also that chromosomal integration occurs at random or, at least, that integration sites be sufficiently broadly dispersed to permit insertion into any gene. Previous studies reported that multiple independent transgenes integrated at different loci on different chromosomes (8) . In this report, four clones that independently marked the same locus integrated into at least three distinct sites (Fig. 3B) . Ultimately, however, the best indication that transgene integration occurs essentially at random throughout the parasite genome is the success of the insertional mutagenesis strategy itself. In addition to identifying the UPRT locus at frequencies close to that expected for random integration (see below), we have recently succeeded in identifying the hypoxanthine-xanthine-guanine phosphoribosyltransferase and adenosine kinase loci, by insertional mutagenesis followed by selection in 6-thioxanthine (25) or adenine arabinoside (24) , respectively (R.G.K.D. and D.S.R. unpublished work). These results indicate that the feasibility of insertional mutagenesis is not restricted to the UPRT locus and, therefore, suggest that a single transformation results in saturation mutagenesis of the entire parasite genome.
It is difficult to precisely determine the expected frequency for insertional mutagenesis at the UPRT locus-even assuming that transgene integration occurs completely at random throughout the 8 x 107 bp genome-because the effective target size is uncertain. The UPRT gene spans -7 kb, but the effect of insertion within an intron remains unknown. The UPRT coding sequence is only 732 nt. If we assume that integration anywhere within the entire gene would disrupt UPRT function, a single transformation (producing -6 x 104 stable transformants; refs. 8 and 10) should yield -5 FUDRresistant mutants; if the effective target consists of coding sequence only, -0.5 plaque would be expected per experiment (see Results for a more detailed description of integration frequencies). The observed frequency falls between these extremes.
In contrast to transposon mutagenesis (19) , where the presence of multiple transposons throughout the genome can complicate analysis, the ability of insertional mutagenesis to integrate at a single specific site greatly facilitates identification of the affected locus (this is fortunate, as back-crosses in Toxoplasma are cumbersome; ref. 18 ). Moreover, although stable transgene integration in many insertional mutagenesis systems results in gross rearrangement of the transfected plasmid (20, 21) , the lack of rearrangement seen in T gondii transgenics (8) permits rapid identification of the tagged locus by self-ligation of total genomic DNA and marker rescue in bacteria, obviating the need for laborious library construction and screening. Transformation with linearized (as opposed to circular) vectors facilitates this approach in three ways: (i) integration is less likely to disrupt plasmid sequences necessary for bacterial replication, (ii) internal vector restriction sites that separate the bacterial plasmid from the selectable marker can be used for plasmid rescue, and (iii) mapping of restriction sites in the flanking DNA suitable. for plasmid rescue is more easily done. We have occasionally observed cases of multicopy transgene insertion at a single locus (ref. 8; and additional unpublished results), but it should be possible to design more complex restriction strategies capable of retrieving the insertion junctions via plasmid rescue in these transformants as well.
The UPRT gene targeted in these studies encodes a parasite-specific enzyme with potential as a target for chemotherapeutic design (26) . Although the enzyme is not essential for parasite survival (and hence provides a suitable target for insertional mutagenesis), subversive substrates such as fluorouracil serve as potential lead compounds. Analogous strategies have previously proved effective in the design of parasiticidal agents (33) , as with the use of allopurinol for Chagas' disease and leishmaniasis (34, 35) . The UPRT gene also provides a negative selectable marker for further genetic studies. Combined positive/negative selection vectors should permit the generation of genetic knock-outs or allelic replacements by "hit-and-run" mutagenesis (27) , suitable even for loci where no direct selection is available. Such strategies offer the added attraction of removing the transfection vector from the final product-a particular advantage if pyrimethamine resistance is used for positive selection. The knock-out mutants isolated in the course of this study provide an appropriate host for these experiments.
